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The incidence of obesity in women of reproductive age has significantly increased
over the past 100 years. There is a well-established connection between maternal
obesity during pregnancy and an increased risk of developing non-communicable
cardiometabolic diseases in her offspring. This mini-review focuses on evidence
examining the effect of maternal high-fat diet (HFD) on skeletal development and bone
health in later life in offspring. The majority of rodent studies indicate that maternal HFD
generally negatively affects both embryonic bone development and bone volume in adult
animals. Details surrounding the mechanisms of action that drive changes in the skeleton
in offspring remain unclear, although numerous studies suggest that some effects are
sex-specific. Human studies in this area are limited but also suggest that HFD during
pregnancy may impair bone formation and increase fracture risk during childhood. Given
the consequences of low bone mass and deranged bone microarchitecture for offspring,
advances in our understanding of the developmental origins of bone health is critical in
the battle against osteoporosis.

Keywords: early life nutrition, maternal obesity, developmental origins of health and disease (DOHaD),
osteoporosis, osteoblast, osteoclast, bone marrow adipocytes, skeletal development

INTRODUCTION

The prevalence of obesity over the past 100 years has dramatically increased, with obesity identified
as the most common metabolic disorder. Globally, an estimated 600 million adults were obese
(body mass index > 30 kg/m?), and 1.9 billion adults were overweight in 2015 (body mass index
25-30 kg/m?) (1). The prevalence of obesity is expected to reach 1.12 billion individuals by 2030
(2). Obese individuals have an increased risk of morbidity from type 2 diabetes mellitus (T2DM),
cardiovascular disease, specific cancers, and osteoarthritis (3).

The incidence of obesity in women of reproductive age has also increased. Maternal obesity
is a significant risk factor for maternal, fetal, and neonatal morbidities, including miscarriage,
preterm delivery, hypertension, pre-eclampsia, and gestational diabetes (4-6). Research in the field
of developmental origins of health and disease (DOHaD) has highlighted that maternal obesity
during pregnancy predisposes offspring to develop obesity and other non-communicable diseases,
including T2DM, hypertension, and cardiovascular disease, later in adulthood (7). Paternal
obesity also increases the risk of developing non-communicable diseases in offspring (8-10), and
both maternal and paternal obesity have transgenerational effects on subsequent generations via
epigenetic effects on the germline (10-12). Thus, obesity and its related comorbidities represent an
increasing burden on healthcare systems.
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Although not fully understood, the effect of maternal obesity
on the development of various organs and tissues such as the
brain, liver, kidney, endocrine pancreas, and skeletal muscle
and their structure and function have been well-researched with
the aid of animal models. In these models, maternal obesity is
induced via a high-fat diet (HFD) (13, 14). Recently the effects of
maternal HFD on bone mass and strength in offspring and the
risk of developing osteoporosis later in life have been researched.
This mini-review will discuss evidence that maternal HFD-
induced obesity affects bone development and microarchitecture,
focusing on recent advancements using rodent models, and will
discuss the potential mechanisms involved.

EARLY BONE DEVELOPMENT AND
IMPACT LATER IN LIFE

The skeleton develops in utero from mesenchymal
condensations. Most of the skeleton forms via a process known
as endochondral ossification: initially, a cartilaginous template
forms, which is later progressively replaced by mineralized
bone matrix. Cartilaginous growth plates continue to control
the longitudinal growth of bones throughout neonatal and
childhood growth, while the overall bone shape, mineralization,
and microarchitecture are determined by the balance of bone
formation by osteoblasts and bone resorption by osteoclasts in
different locations. Longitudinal skeletal growth continues until
the late teens in humans, ending when the growth plates fuse.
However, bone mineral density (BMD) continues to increase
slowly until peak bone mass is reached in the mid-20s to
early-30s. Rodents continue to grow slowly for a longer portion
of their life, but mice reach peak bone mass at ~12-weeks of
age. Bone mass begins to decline as bone resorption outpaces
bone formation as we age. In women, there is a dramatic period
of bone loss following menopause when reductions in sex
hormone levels affect homeostasis. Skeletal size, BMD, and bone
microarchitecture are largely determined by genetics, with up to
85% of the variation in BMD explained by genetic factors (15).
However, various non-genetic factors also influence both bone
accrual during growth and bone loss in later life. Nutrition is a
major factor influencing both growth and bone mass and can
have effects at all life stages. Exercise, or the effect of loading on
the skeleton, plays a major role in bone accrual and retention.
Osteoporosis is characterized by low BMD and a high risk of
fracture, and affects one-half of elderly women and about one-
fifth of elderly men. While osteoporosis is considered a disease of
aging, early life events and a failure to achieve maximal peak bone
mass determined by an individual’s genetics can significantly
impact future osteoporosis risk. One line of evidence for long-
term impacts of events earlier in life comes from studies in
athletes. Baseball pitchers who develop larger, stronger bones
in their throwing arm during early adulthood can retain better
bone structure in this arm for 50 years following retirement
from the game (16). Various drugs are available that effectively
reduce fracture risk in people with osteoporosis; however, the
majority are antiresorptive therapies that prevent further bone
loss but do not enable the replacement of bone already lost (17).

Anabolic treatments restore bone microarchitecture to some
degree, but are expensive biologics so not available to everyone.
Understanding risk factors for low bone mass and identifying
people at high risk of fracture are important for preventing
fracture-related morbidity and mortality in aging populations.

EFFECT OF MATERNAL HFD ON BONE IN
RODENTS

Thirteen rodent studies considered the effects of maternal HFD
on offspring bone development (Table 1). The majority of studies
implemented the maternal HFD regime before mating (4-15
weeks before conception) and continued through pregnancy and
lactation. However, in three studies, the maternal HFD-feeding
window was exclusively during pregnancy and lactation and
exclusively during lactation in one study.

Fetal and Neonatal Offspring

Offspring of dams fed a maternal HFD before and during
pregnancy have evidence of skeletal developmental delay in late-
gestation with decreased bone formation, bone volume, and
BMD (18-21). Chen et al. have demonstrated that maternal HFD
promotes cellular senescence in fetal calvarial osteoblasts cells,
potentially suppressing fetal bone formation (18-20).

In both newborns and weanlings, exposure to maternal HFD
resulted in increased total bone mass, BMD, and trabecular bone
volume in long bones (22, 23). This phenotype is likely the result
of increased osteoblast activity, as bone modeling is most active
over this period of rapid growth (31). Increased bone mass in
weanlings may be an indirect effect of maternal HFD, as these
offspring consume more milk, and the milk consumed has a
higher energy content compared to dams fed control diet (CD)
(22). Additionally, Miotto et al. found higher concentrations
of monounsaturated fatty acids in the long bones of offspring
exposed to maternal HFD, which is likely to reflect the diet
consumed by the dams; these lipid stores may have supported
rapid bone growth (23).

Adult Offspring

From early adulthood, a pattern of sustained bone loss in
offspring of dams fed HFD is reported. In most studies, offspring
exposed to maternal HFD have reduced BMD and bone volume
in long bones and vertebrae from as early as 8-weeks of age,
which persisted over their lifetime (18, 21-23, 25, 30). Hafner et
al. found that maternal HFD during lactation alone was sufficient
to increase bone marrow adiposity (28). Maternal HFD decreased
trabecular bone parameters in offspring (18, 21-23, 25, 30).
However, this effect was not observed in all studies; two studies
found increased femoral bone trabecular volume and increased
cortical thickness following maternal HFD (24, 27). Notably,
these two studies analyzed offspring who were young adults, as
opposed to the studies that found decreased bone volume in mice
who were considerably older.

Several studies demonstrated sex-specific variation in the
effect of maternal HFD, with males more likely to exhibit a bone
phenotype than females (18, 22, 24). Only one study exclusively
found changes in bones in females following maternal HFD (25).
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TABLE 1 | Studies investigating the effect of maternal HFD on offspring bone properties.

Dietary Animal strain Dietary Offspring Main findings in maternal HFD vs. Proposed mechanism(s) of action References
details? intervention age CD of maternal HFD on offspring
period bone properties
Fetal
HFD (45% fat) C57BL/6J mice 8 weeks before E17.5 Decreased total bone volume and bone  Maternal HFD promotes (18)
CD (17% fat) mating and mineralisation, increased senescence osteo-progenitor senescence and
pregnancy markers, pro-inflammatory cytokines, expression of pro-inflammatory
and chemokines in calvarial osteoblasts.  factors, which could impair fetal
skeletal development.
HFD (45% fat)  Sprague-Dawley 10 weeks before E18.5 Decreased bone formation and Demonstrate decreased osteogenic (19)
CD (17% fat) rats mating and ossification in calvaria and vertebrae, differentiation via hypermethylation
pregnancy and decreased potential for calvarial and decreased expression of
osteoblast differentiation. HoxA10.
HFD (42% fat)  Sprague-Dawley 12 weeks before E18.5 Increased expression of Hypothesis: increased cell (20)
CD (17% fat) rats mating and p53/p21-mediated cell senescence senescence may result in decreased
pregnancy signaling-related genes and proteins in glucose metabolism and cell
calvarial osteoblasts. differentiation.
HFD (60% fat) C57BL/6J mice 4 weeks before E19 Decreased body length, total bone Hypothesis: increased oxidative (21)
CD (18% fat) mating and volume, long bone lengths, and BMD. stress leads to placental vascular
pregnancy Some effects are ameliorated by damage and impaired osteogenic
maternal antioxidant supplementation. fetal signaling pathways.
Postnatal
HFD (60% fat)  Sprague-Dawley Pregnancy and P1 and P21 Increased Tb.BV/TV at P1 and P21. Hypothesis: increased bone volume is  (22)
CD (10% fat) rats lactation only driven by increased osteoblast
activity.
5and 15 Decreased femur length, Tb.BV/TV, at Demonstrate increased osteoclast (22)
weeks 15 weeks (males only). Increased activity in 15-week males.
osteoclast number and surface, and
osteoclastogenesis ex vivo.
HFD (41% fat) ~ Wistar rats 10 weeks before P28 Increased BMD and fatty acid contentin  None. (23)
CD (17 % fat) mating, the femur at P28.
pregnancy, and
lactation
12 weeks BMD, femoral bone strength and fatty None. (23)
acid content not different.
HFD (45% fat) C57BL/6J mice 6 weeks before 14 and 26 Increased femoral Th.BV/TV at 14 May be sexually dimorphic (24)
CD (18% fat) mating, weeks weeks, not different at 26 weeks. No mechanisms involved. Males had
pregnancy, and difference in bone strength. MAR higher MAR and lower osteoclast
lactation increased in males at 14 weeks. activity at 14 weeks.
HFD (60%) C57BL/6d mice  11-15 weeks 28 weeks (F1 Decreased Tb.BV/TV and BMD in tibiain  None. (25)
CD (10%) before mating and  and F2 F1 and F2 female offspring. No changes
during pregnancy  offspring) in males.
and lactation
HFD (60% fat) C57BL/6J mice 4 weeks before 26 and 52 Decreased femoral BMD at 26 weeks, None. (26)
CD (18% fat) mating and during  weeks increased Th.Sp at 52 weeks.
pregnancy and (females only)
lactation
Post-weaning crossover diet studies
HFD (45% fat) C57BL/6J mice  Pregnancy and 6 weeks Increased femoral length, bone volume,  None. 27)
CD (7% fat) lactation. Four and cortical thickness (males only);
groups at changes were amplified HFD/HFD. MGP
weaning: CD/CD, expression negatively correlated with
CD/HFD, HFD/CD, bone volume.
HFD/HFD
HFD (45% fat) C57BL/6J mice 8 weeks before 17 weeks Decreased Tb.BV/TV in all male HFD Increased expression of (18)
CD (17 % fat) mating and during groups, increased CSA and medullary senescence-related proteins in both
pregnancy and area in HFD/CD males. ages. Early effects after maternal HFD
lactation. Four persist into adulthood.
groups at weaning
(as above)
(Continued)
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TABLE 1 | Continued

Dietary Animal strain Dietary Offspring Main findings in maternal HFD vs. Proposed mechanism(s) of action References
details? intervention age CD of maternal HFD on offspring

period bone properties
HFD (60% fat) C57BL/6J mice  Lactation only. 24 weeks Decreased Tb.BV/TV in HFD/HFD only Hypothesis: BMSCs are more (28)
CD (14% fat) Weaned onto CD, (males, females not analyzed). committed to a pro-adipogenic

4 groups at 12 Lactational HFD increased bone marrow lineage, resulting in greater bone

weeks (as above) adiposity, further amplified in HFD/HFD.  marrow adiposity and decreased

bone mass.

HFD (43% fat) C57BL/6J mice 7 weeks before 30 weeks Femurs shorter in HFD/HFD, no None. (29
CD (14% fat) mating and during difference in Tb.BV/TV. Increased

pregnancy and number of bone marrow adipocytes and

lactation. Three diameter of adipocytes (females only) in

groups at weaning HFD/HFD vs. CD/CD.

(no CD/HFD)
HFD (45% fat) C57BL/6J mice  Pregnancy and 30 weeks Femoral Tb.BV/TV decreased in None. (30)
CD (7% fat) lactation. Four HFD/HFD males. Vertebral To.BV/TV

groups at weaning
(as above)

decreased in HFD/CD males. No
changes in females.

aAll shown as % kcal from fat.

BMSC, bone marrow stromal cell; BMD, bone mineral density; CD, control diet; CSA, cross section area; E, embryonic day; F1/2, first/second generation offspring; HFD, high-
fat diet; HoxA10, homeodomain-containing factor A10; MAR, mineral apposition rate; MGF, matrix gla protein; R, postnatal day; Th.BV/TV, trabecular bone volume fraction; Tb.Sp,

trabecular separation.

Therefore, maternal HFD most likely has a sexually dimorphic
effect on the skeleton of offspring.

Multigenerational Effects of Maternal HFD
Maternal HFD can have multigenerational effects on bone
in offspring and grand-offspring. Harasymowicz et al. found
decreased trabecular bone volume and BMD in F1 and F2
generations, even with no additional exposure to HFD in either
generation (25).

Postnatal Exposure to HFD

A post-weaning HFD, or a “second hit,” has the potential to
amplify the effects of maternal HFD (32). Three studies that
investigated continued feeding of HFD in offspring after weaning
found that post-weaning HFD further decreased trabecular bone
volume (28, 30) or increased bone-marrow adiposity (28, 29),
compared to exposure to maternal HFD alone.

EFFECT OF MATERNAL OBESITY AND
HFD ON BONE IN HUMANS

Several studies have specifically addressed whether maternal
obesity or maternal HFD during pregnancy affects bone
development in offspring, both in utero and post-partum (33).
Longitudinal studies show that obese mothers have babies with
increased body length, whole-body bone area, and mineral
content (34-36), but maternal diet was not reported. Two studies
demonstrated that mothers consuming a high-fat “Western diet”
during pregnancy, defined as a diet high in meat, processed
food, and saturated fat, have children with lower whole-body
bone area, bone mineral content, and BMD, compared with
children of mothers on low-fat “prudent diets” during pregnancy,
defined as a diet high in fruits, vegetables, grains and low-fat

dairy products (37, 38). Interestingly, oftspring of mothers in the
Danish National Birth Cohort who consumed a Western diet had
a significantly increased risk of fracture between birth and 16-
years of age (39). None of these studies reported maternal BMI
related to study groups. Due to the paucity of human data (33),
it is unclear whether maternal obesity in the absence of HFD,
maternal HFD in the absence of obesity, or any other dietary
conditions of over-nutrition with or without maternal obesity
affects the skeletal phenotype in human offspring.

MECHANISMS OF ACTION

Research into the mechanisms involved in linking maternal
HED with a bone phenotype in rodents remains in its infancy,
and to our knowledge, no studies in humans have explored
any mechanisms of action. The following section discusses
some key mechanisms demonstrated in rodent maternal HFD
studies, linking the early life environment and the observed bone
phenotype in these offspring (Figure 1).

Osteoblasts

Osteoblasts are derived from mesenchymal stem cells and are
responsible for the synthesis and mineralisation of bone. Whilst
osteoblast number is unaffected (22, 24), there may be a
negative relationship between osteoblast function in offspring
and maternal HFD during pregnancy and lactation. However,
this relationship with osteoblast function may be transient and
lost as offspring age. Whole-embryo skeletal ossification and total
bone volume are decreased following maternal HFD (18, 19).
Rat calvarial osteoblasts from offspring exposed to maternal
HFD have decreased proliferation and osteoblastic differentiation
(19). Therefore, decreased differentiation of osteoblasts could
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FIGURE 1 | Summary of the proposed mechanisms through which maternal high-fat diet affects the skeleton in the offspring. Created with BioRender.com.

directly be responsible for decreased or delayed bone formation
during development.

Although bone marrow stromal cells (BMSCs) are a
significant source of osteoblast progenitor cells contributing
to bone remodeling, only one study examined whether the
differentiation capacity of these cells into osteoblasts is influenced
by maternal HFD. Kushwaha et al. assessed cellular activity
in 15-week old animals and found no difference in osteogenic
differentiation of BMSCs exposed to maternal HFD. However,
compared to BMSCs derived from CD-fed mothers, these cells
have higher mRNA expression of RANKL, which will have
implications for osteoclastogenesis (22).

Osteoblast function in adult rodents exposed to maternal HFD
is variable. Circulating osteocalcin concentrations are decreased
at 17-weeks of age in mice, indicating osteoblast function is
decreased following maternal HFD. Mineral apposition rate
(MAR) is a reliable direct measurement of osteoblast function
(40); one rat study found no difference in MAR in 15-week old
males following maternal HFD (22). Interestingly, Devlin et al.
found that MAR is increased in 14-week old male mice exposed
to maternal HFD (24). This relationship is no longer detected
in male mice at 26-weeks of age (24), indicating the rate of
mineralization has decreased to a level similar to maternal CD

offspring. Surprisingly, Devlin et al. also found no difference in
concentrations of the bone formation marker type 1 procollagen
N-terminal (P1NP) in circulation at either 14- or 26-weeks of age,
despite observed differences in MAR (24). Overall, there is no
consensus on whether maternal HFD affects osteoblast function
in adult offspring.

Osteoclasts

Osteoclasts are multinucleated phagocytic cells responsible for
bone resorption and are derived from the macrophage-monocyte
cell lineage. Very few studies have considered the effects of
maternal HFD on osteoclasts. One study broadly examined
ex vivo osteoclastogenesis following maternal HFD during
pregnancy and lactation (22). Kushwaha et al. demonstrated
via histomorphometry that osteoclast number, erosion surface,
and osteoclast surface were increased in 15-week old male
rats exposed to maternal HFD. Ex vivo cultures of osteoclast
precursors isolated from these animals had increased potential
to differentiate into osteoclasts, with these osteoclasts more
numerous and larger. Interestingly, these osteoclasts were more
sensitized to the effects of RANKL and had increased RANK
mRNA expression. Cultured osteoblasts from these same animals
had increased RANKL mRNA expression, indicating that the
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potential for osteoclastogenesis is increased following maternal
HED. Alternatively, when mice were fed HED for 6-weeks before
mating, pregnancy, and lactation, their offspring demonstrated
no significant difference in osteoclast number but decreased
osteoclast activity at 14- and 26-weeks of age (24). Increased bone
resorption is a major contributor to decreased bone volume that
develops when rodents are fed HFD, which is likely secondary
to increased inflammation (41). Maternal HFD is known to
cause low-grade chronic inflammation in offspring; therefore,
it is feasible that this could contribute to bone loss in these
animals (42). Chen et al. noted increased inflammatory cytokine
production in fetal calvarial osteoblasts exposed to maternal
HFD, but this potential mechanism has not been addressed
in adult offspring (18). Given these conflicting data, further
studies are needed to determine the effects of maternal HFD on
osteoclast number and function.

Bone Marrow Adiposity

The balance between BMSCs giving rise to osteogenic or
adipogenic precursors is critical for maintaining bone mass; if
this balance is shifted toward adipogenesis, this may come at
the expense of osteoblastogenesis (43). Additionally, increased
bone-marrow adiposity can affect osteogenesis, with an apparent
negative relationship between bone marrow adiposity and bone
mass (44). Maternal HFD during pregnancy and lactation (29)
or lactation only (28) is associated with increased adipocyte
number and adipocyte size in the bone marrow cavity. However,
interpretation of these studies is complicated by their study
design; offspring were either weaned directly onto HFD or CD,
or onto CD followed by HFD between 12 and 24-weeks of age.
Both studies had conflicting results as to whether maternal HFD
with post-weaning HFD affected bone microarchitecture. Hafner
et al. found bone marrow adiposity was increased, and trabecular
bone volume was decreased in the maternal HFD/post-weaning
HFD group at 24-weeks of age (28). However, Lanham et al.
found no difference in bone microarchitecture at 30-weeks of
age (29). No studies performed ex vivo adipogenesis assays on
BMSCs. Further studies are required to confirm whether changes
in bone marrow adiposity contribute to the bone phenotype in
these offspring.

Epigenetic Modifications

Epigenetic modifications, including DNA  methylation
and various  post-translational  histone  modifications,
describe changes to gene expression that occur without
affecting the wunderlying DNA sequence. Epigenetic
modifications allow the individual to alter gene expression
in response to the environment and have long been
considered a principal mechanism through which the
early-life environment affects offspring (7, 45). Despite
this connection, there is a paucity of studies that have
specifically measured epigenetic modifications in response
to maternal HFD.

Chen et al. demonstrated that maternal HFD promotes
cellular senescence in fetal calvarial osteoblasts, potentially
suppressing bone formation in the prenatal period in
both mice and rats (18-20). These findings were shown

to be through increased expression of p300/CBP, which
increased H3K27 acetylation, which promoted p53/p21-
mediated cell senescence signaling in pre-osteoblasts; increased
expression of p300/CPB persisted until adulthood (18).
Maternal HFD also promoted increases in methylated CpG
sites in the homeobox protein Al10 (HoxAl0) promoter.
HoxA10 is important for fetal osteoblastogenesis and adult
bone regeneration.

CURRENT RESEARCH GAPS

Many unanswered questions surrounding how HFD-
induced maternal obesity affects bone development and
microarchitecture in offspring remain.

One outstanding question is whether the detrimental effects
on offspring skeleton are driven by maternal obesity, maternal
HED, or both. In humans, most studies explore the effects of
obesity during pregnancy, commonly assessed by measuring
body mass index rather than dietary patterns (46). In rodents,
the majority of studies implemented a maternal HFD regime
at least 4 weeks before mating. This would have induced
an obesity phenotype in these dams, as well as ongoing
exposure to HFD. However, it is unlikely that maternal
obesity would have been induced in studies where HFD-
feeding was restricted to pregnancy and lactation, or lactation
alone. Therefore, these offspring likely experienced exposure
to HFD in the absence of maternal obesity. It is challenging
to tease out whether HFD-induced obesity before pregnancy
or ongoing maternal HFD affects the skeleton in offspring
using a rodent model. Unlike in humans, changing the diet
of a rodent from HFD to CD induces rapid weight loss
(47). This could be overcome using embryo transfer following
pre-conception maternal HFD, placing embryos into CD-fed
recipients (46).

Another gap in our understanding is deciphering the effects of
maternal HFD on other tissues in offspring and how these effects,
in turn, modulate the skeleton. For instance, there is cross-talk
between the skeleton and skeletal muscle, adipose tissue, and the
endocrine pancreas (48-52). The structure and function of these
tissues are affected by the early life environment (7). Therefore,
it would be interesting to determine whether this cross-talk
is affected by maternal HFD and the downstream effects on
the skeleton.

In this mini-review, we exclusively discussed the effect
of maternal HFD on the skeleton in offspring; however,
other paradigms of early life exposure to nutritional excess
are also worthy of exploration. For instance, a maternal
high-protein diet (53) and a combination of high-fat and
high-sugar diet (54) also negatively impact the skeleton in
offspring. Additionally, pre-conception paternal nutrition
also has long-term effects on the metabolic health of
offspring (55). We are unaware of any studies that have
addressed the paternal influence of skeletal development in
offspring. Thus, understanding the impact of paternal health
will also be necessary for understanding the mechanisms
that link the early life environment with skeletal health
in offspring.
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Critically, we are unaware of any studies investigating
the effect of nutritional, pharmacological, or behavioral
interventions on skeletal outcomes in the offspring.
Whilst we do not yet fully understand the mechanisms
that impact the developing skeleton in response to
maternal HFD, a significant gap lies in the lack of
intervention studies.

CONCLUSION

There is growing evidence that exposure to maternal HFD during
pregnancy has long-lasting adverse effects on the skeleton of
offspring. However, many details surrounding these changes and
the mechanisms of action that drive these effects remain unclear,
and further basic studies are required. Given the consequences
of low bone mass and deranged bone microarchitecture for
offspring, advances in our understanding of the developmental
origins of bone health is critical in our battle against diseases
like osteoporosis.
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